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DIGITALLY-REALIZED SIGNAL GENERATORS AND METHODS 

10 BACKGROUND OF THE INVENTION 

Field of the invention 

The present invention relates generally to signal generators and 
more particularly to phase-locked signal generators. 

15 Description of the Related Art 

Phase-locked signal generators (often termed phase-locked loops) 
find broad use in the building blocks (e.g„ receivers, transmitters, 
frequency multipliers, timers and clock recovery structures) of a variety 
of modern electronic systems (e.g., communications systems, data 

20 processing systems and video systems). In a significant number of these 
uses, the signal generators must be realized with integrated circuit 
fabrication techniques that are specifically directed to arrays of digital 
gates. Accordingly, it is often found that some of the conventional 
generator elements (e.g., loop filters and voltage-controlled oscillators) 

25 are excessively expensive to realize and that the resulting performance is 
sometimes less than desired. 

BRIEF SUMMARY OF THE INVENTION 

30 The present invention is directed to signal generators which replace 

components of conventional phase-locked loops with elements that are 

generally simpler and less expensive to realize. 

The novel features of the invention are set forth with particularity in 

the appended claims. The invention will be best understood from the 
35 following description when read in conjunction with the accompanying 

drawings 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a signal generator embodiment of the 
present invention; 

5 FIG. 2 is a graph that illustrates signal periods which must be 

measured in the signal generator of FIG. 1 to realize selected frequency 
errors; 

FIG. 3 is a block diagram of another signal generator embodiment; 

and 

10 FIGS. 4 and 5 are block diagrams of embodiments of the phase 

controller of FIGS. 1 and 3. 

DETAILED DESCRIPTION OF THE INVENTION 

15 The block diagram of FIG. 1 illustrates a signal generator 

embodiment 20 which generates a synthesizer signal. The signal 
generator 20 includes a synthesizer 30, a frequency controller 40 and a 
phase controller 60. The frequency controller 40 receives the output of the 
synthesizer 30 and user-provided inputs (e.g., a minimum count) and 

20 provides a controlled tuning word. In response to the tuning word and to 
a system clock, the synthesizer 30 provides the synthesizer signal. The 
phase controller 60 provides phase difference signals that reduce the 
phase difference between the synthesizer signal and a user-provided 
reference signal. 

25 In particular, the synthesizer 30 generates a synthesizer signal with 

a synthesizer frequency that corresponds to a tuning word and a clock 
signal. One embodiment of such a synthesizer is shown in FIG. 1 as a 
direct digital synthesizer which has a latch 32 and an adder 34 wherein 
the adder receives the controlled tuning word and the output of the N-bit 

30 latch and provides a sum signal to the input of the latch. 

The frequency controller 40 includes a reference signal counter 43, a 
synthesizer signal counter 44, a differencer 46 and a count processor 48. 
The differencer 46 receives a synthesizer count (shown as syn count) from 
the synthesizer signal counter and a reference count (shown as ref count) 

35 from the reference signal counter and, in response, provides a difference 
count to the count processor 48. The count processor also receives the 
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reference count from the reference signal counter. 

The phase controller 60 receives the output of the synthesizer 30 and 
provides a phase difference signal to an adder 62 that alters the 
synthesizer signal. 

5 Now that elements of the synthesizer, frequency controller and 

phase controller have been introduced, a subsequent operational 

description of the signal generator 20 is enhanced by preceding it with the 

following investigation of the synthesizer 30. 

The output of the synthesizer's latch 32 is successively added in the 

10 adder 34 to a tuning word (TW) that is provided to the adder. FIG. 1 

includes a phase wheel 36 (broken away to avoid the frequency controller) 

which indicates 2-N words 37 and pictorially illustrates how the 

synthesizer successively steps along the words 37 with a step size TW and 

at a clock rate f c lk- Accordingly, the synthesizer frequency f syn is given by 

TW 

15 f = f ^ 1 ^r (D 

syn elk 2 N 

so that it is directly proportional to the tuning word. 

In operation of the signal generator 20, a user provides the reference 
signal and a minimum count which specifies the desired maximum 
frequency error of the synthesizer signal. The graph 70 of FIG. 2 indicates 

20 the frequency of the reference signal and a first range 72 of which all 
points are within a 10% frequency error from the reference signal. If the 
reference frequency is 1 MHz, for example, the first range 72 would 
extend 100 KHz from each side of the reference frequency. Second and 
third error ranges 74 and 76 are also indicated. In accordance with the 

25 example, these ranges would respectively extend 50 KHz and 25 KHz from 
each side of the reference frequency. 

An initial frequency error of 10% indicates that the generator's user 
wishes the initial synthesizer frequency to have an accuracy of at least 
90%. To measure to an accuracy of 90%, the frequency controller 40 must 

30 measure to a frequency resolution of 10% or 1/10 of a frequency target. 
Inversely expressed in terms of signal periods, the frequency controller 
must measure 10 target periods of the reference signal. Accordingly, 
FIG. 2 shows that 10 periods must be measured to achieve a 10% 
frequency error. Less error requires that greater number of periods must 

35 be measured. For example, FIG. 2 shows that 20 periods must be 
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measured to achieve a 5% frequency error and 40 periods must be 
measured to achieve a 2.5% frequency error. A frequency error of 1% 
would require the measurement of 100 periods. 

A user of the signal generator 20 thus provides a selected minimum 
5 count of the reference signal to the frequency controller to specify that an 
initial synthesizer frequency be within a selected frequency error of the 
reference frequency. In response, the count processor 48 terminates the 
counting process of the reference and synthesizer counters 43 and 44 
when the reference count has reached the minimum count. 

1 0 The count processor 48 preferably utilizes the clock signal to provide 

a precise measure of a time period T that is sufficient to realize the 
minimum count. Because clock signals are generally highly accurate, a 
count of clock periods provides a precise time period which can be used in 
conjunction with the reference count and the synthesizer count of the 

1 5 counters 43 and 44 to determine an accurate reference frequency and a 
synthesizer frequency error. 

If the time period T is terminated after M clock periods wherein 
M=2X ? then the counters 43 and 44 count over a time period T which is 
given by 

20 T=2 X T (2) 

o 

in which T G is the clock period. Because the measured reference and 
synthesizer frequencies are respectively the reference and synthesizer 

counts divided by the time period T, the frequency error between them is 

f = f -f 
en* ref syn 

_ difference count 

err ~ x 

_ difference count 

err 2 X T 

o 

—X 

f =2 f „ (difference count) . 
err ciic 

25 Since the purpose of the frequency controller 40 is to adjust the 

synthesizer frequency by the frequency error, f err may be substituted for 
fgyn in equation (1) which is then rearranged to yield a tuning word 
adjustment of 

ATW = 2 N X ACNT (3) 



- 5 - 



in which ACNT is the difference count provided to the count processor 48 

and N and X are known to the count processor. The tuning word 

adjustment is summed in an adder 49 with an initial tuning word TW Q to 

provide a controlled tuning word of 

5 TW = ATW+TW . (4) 

o 

After the counters 43 and 44 generate the difference count, the count 
processor 48 thus derives the controlled tuning word of equation (4) and 
provides it to the synthesizer 30 which generates the synthesizer signal 
with a synthesizer frequency that is within the selected frequency error of 

1 0 the reference frequency (based on the minimum count input). 

The count processor 48 may include a timer (e.g., the timer 94 in 
FIG. 3) that is configured to terminate after reaching a power-of-2 count. 
This processor embodiment is particularly suited to terminate the time 
period T in 2^ clock periods as shown above in equation (2). In other 

15 counter embodiments (e.g., one based on a programmable modulus), 
other termination expressions may be more suitable. It is also noted at 
this point that, in one generator embodiment, the reference signal of 
FIG. 1 may be configured as a square wave and only the most significant 
bit (MSB) of the synthesizer signal provided to the synthesizer counter 44. 

20 If it is assumed that the initial tuning word is zero, equation (1) 

shows that the initial synthesizer frequency is zero, i.e., the synthesizer 
30 does not initially generate a synthesizer signal. When the count 
processor provides the controlled tuning word, the synthesizer frequency 
then jumps to a frequency that is within the selected frequency error from 

25 the reference frequency. 

Alternatively, a user may want the signal generator 20 to generate 
an initial synthesizer signal with an initial synthesizer frequency. To 
realize this goal, the user provides a corresponding tuning word so that 
the synthesizer 30 initially generates the desired initial synthesizer 

30 signal. The count processor 48 will subsequently alter this to realize a 
controlled tuning word that causes the synthesizer 30 to generate a 
synthesizer signal with a frequency that is within the selected frequency 
error from the reference frequency. 

In another synthesizer embodiment, the count processor 48 can be 

35 configured to successively increase the minimum count of the reference 
frequency to thereby successively decrease the frequency error from the 
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reference frequency, i.e., to successively urge the synthesizer frequency 

closer to the reference frequency. 

FIG. 3 illustrates another signal generator 80 which includes 

elements of the signal generator 20 with like elements indicated by like 
5 reference numbers. The signal generator 80, however, inserts a 

frequency divider 82 before the synthesizer signal counter 44 and inserts a 

frequency multiplier 84 between the count processor 48 and the adder 49. 
The frequency divider 82 divides by a divisor S and the multiplier 

multiplies by a corresponding multiplier S so that the controlled tuning 
1 0 word presented to the synthesizer 30 becomes 

TW = S(ATW) + TW q . (5) 

The divider 82 effectively positions the synthesizer frequency above the 

reference frequency by the selected factor of S and the tuning word 

adjustment ATW is increased by the same factor because the difference 
15 count is determined from a signal that was realized by dividing the 

synthesizer signal by the selected factor. 

The signal generator 80 also inserts a frequency divider 86 before the 

reference signal counter 43. This divider divides by a factor R and 

essentially prescales the reference signal by its factor R. Together, the 
20 frequency dividers 82 and 86 scale the synthesizer frequency by a ratio S/R 

and substantially enhance the range of signal frequencies that the signal 

generator 80 can provide. 

The signal generator 80 further inserts a digital-to-analog converter 

90 after the adder 62 to alter the synthesizer signal by converting it into an 
25 analog synthesizer signal. It is apparent from the phase wheel 36 of 

FIG. 1 that the words generated by the synthesizer 30 correspond to a 

triangle wave so that the digital-to-analog converter 90 will generate an 

analog signal with a triangular shape. 

To facilitate the selection of other analog signal shapes, the signal 
30 generator 80 also provides a word converter 92 that alters words in the 

synthesizer signal to thereby realize selected shapes (e.g., a sinusoidal 

shape). The word converter may be realized with a memory configured to 

alter words in the synthesizer signal with predetermined substitutes 

(e.g., the memory is configured as a lookup table). 
35 In the signal generator 80, the count processor 48 includes a timer 

94 which receives the generator's clock signal (provided to the synthesizer 



- 7 - 



30 in FIGS. 1 and 3). The count processor 48 can be configured, for 
example, to stop the counters after the timer 94 has reached a 
predetermined number of clock periods. Because the reference frequency 
is unknown, this initial process may not provide a sufficient reference 
5 count to establish the desired frequency error (as exemplified, for 
example, in FIG. 2). This process can, however, be successively repeated 
with greater clock periods until a sufficient reference count is realized. 

Attention is now directed to FIG. 4 which shows an embodiment 100 
of the phase controller 60 of FIGS. 1 and 3. The embodiment includes the 

10 synthesizer 30 and portions of the frequency controller 40 of FIG. 3 with 
like elements indicated by like reference numbers. In addition, this phase 
controller includes a latch 102 and a digital filter 103. The latch is 
triggered by the reference signal to thereby capture a corresponding 
phase of the synthesizer signal that is generated by the synthesizer 30. 

15 The phase difference signal is processed through the digital filter 

103 and coupled to the adder 62 to alter the phase of the synthesizer 
signal. The filter 103 is structured with a lowpass transfer function and 
may be realized in various digital configurations (e.g., as two parallel 
bi-quad infinite impulse function (IIR) filters) which are arranged to 

20 minimize latency that would otherwise introduce instability. The 
operational point of the phase controller can be altered by inserting an 
offset phase (e.g., 2-N-l as shown in FIG. 4) into an adder 105 which is 
inserted between the latch 102 and the digital filter 103. 

The phase controller 100 also includes a latch 110, a differencer 112 

25 and digital multipliers 113 and 114. The latch receives the output of the 
digital filter 103 and is triggered by the reference signal. The outputs of 
the latch 110 and the digital filter 103 are differenced in the 
differencer 112 to provide the difference A([> between successive phase error 
values. This phase difference A<J> is then passed through the multiplier 113 

30 to the multiplier 114. The phase difference A§ is a measure of remaining 
error in the synthesizer frequency and, accordingly, it is applied to the 
multiplier 114 to thereby further refine the controlled synthesizer word 
and further reduce the remaining frequency error. 

As previously described, the divider 82 is inserted into the frequency 

35 controller 40 to position the synthesizer frequency above the reference 
frequency by a selected factor of S. When this is the case, the phase 
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difference A<|) of the differencer 112 must be divided by the factor S before 
application to the multiplier 114. This is the function of the multiplier 113 
which then provides the modifier A<|)/S to the multiplier 114. 

To insure that the synthesizer 30 is generating a synthesizer 
5 frequency that is above the reference frequency by the selected factor of S, 
the phase controller 100 also includes a counter 120 and multipliers 121 
and 122. The counter is reset by the reference frequency so that it delivers 
a count C which is a measure of the frequency difference between the 
synthesizer frequency and the reference frequency. 

1 0 This count is divided by the selected factor S in the multiplier 121 and 

applied to deliver a C/S correction factor to the multiplier 122. If the 
synthesizer frequency is in accordance with the selected factor of S, the 
correction factor will be unity and will not alter the controlled tuning 
word. Otherwise, the correction factor will modify the controlled tuning 

1 5 word to shift the synthesizer frequency above the reference frequency by 
the selected factor S. 

FIG. 5 illustrates another phase controller embodiment 140 which 
includes elements of the phase controller 100 of FIG. 4 with like elements 
indicated by like reference numbers. In contrast to the embodiment 100, 

20 the phase controller 140 inserts the adder 62 between the latch 32 and the 
adder 34 of the synthesizer 30 and precedes the adder 62 with a 
differentiator 142. In this phase controller embodiment, phase difference 
signals from the digital filter 103 are differentiated to realize their rate of 
change. This rate of change is then inserted into the adder 62 to 

25 momentarily alter the phase of the synthesizer 30 without altering the 
controlled tuning word. Accordingly, the synthesizer's phase is shifted to 
maintain a fixed phase relationship between the reference signal and the 
synthesizer signal. As mentioned above, this relationship can be shifted 
with offset signals into the adder 105. 

30 The count processor 48 of FIGS. 1 and 3 can be realized with arrays 

of gates, with a suitably-programmed digital processor or with 
combinations thereof. It is noted that the count processor can realize the 
controlled tuning word of equation (5) by various methods. For example, 
the tuning word adjustment ATW can be realized by performing N-X shift 

35 operations on the difference count ACNT. A digital multiplier and a 
digital adder can then be used to produce the controlled tuning word. 
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Preferably, twos-complement arithmetic is used to accommodate positive 
and negative values of the difference count ACNT. 

Signal generators have been provided which replace components of 
conventional phase-locked loops (e.g., filters and voltage-controlled 
5 oscillators) with elements (e.g., direct digital synthesizers) that are 
simpler and less expensive to realize with integrated circuit fabrication 
techniques that are often encountered in modern systems (e.g., systems 
realized primarily with digital gates). 

Because elements of these signal generators are timed with a system 

1 0 clock, the frequency of the synthesizer signal is generally limited to one 
half of the clock frequency. Although the spectral purity of the generated 
synthesizer signal will be degraded by phase noise and spurious content 
of the clock, the clock source is a fixed-frequency oscillator in which 
desirable performance parameters (e.g., high stability and low noise) are 

15 significantly easier and less expensive to realize than in more complex 
sources (e.g., voltage-controlled oscillators). 

The embodiments of the invention described herein are exemplary 
and numerous modifications, variations and rearrangements can be 
readily envisioned to achieve substantially equivalent results, all of which 

20 are intended to be embraced within the spirit and scope of the invention as 
defined in the appended claims. 



